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Some useful constants and formulae 
 
 
c = 2.998 ⋅108 m/s  
e =1.602 ⋅10−19 C  
ε0 = 8.854 ⋅10−12 C2 N−1m−2  
µ0 =1.257 ⋅10−6 kg m/C2  
F ⋅da
S∫ = (∇⋅F)dvV∫
F ⋅ds
C∫ = (∇×F) ⋅daS∫
φ2 −φ1 = ∇φ ⋅dsC∫
 
 
        
 
 
 
 
 
 
 J = Nev 
 
 
 
  
  
 
   
 
 
 
 
 
 
 
 
 
!ZC = (iωC)−1, !ZL = iωL
 
 
 
 
 
 
 
 
 
   
∇×E = −∂B
∂t
∇×B = µ0ε0
∂E
∂t +µ0J
∇⋅E = ρ
ε0
∇⋅B = 0
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Question 1 Marks: 7+9+9 = 25 
 
a. The electric field due to a volume distribution of charge with density ρ(x, y, z) and volume 
element dv = dxdydz is given by E(x, y, z) = 14πε0
ρ( !x , !y , !z ) rˆr2∫ d !v  at a distance r  from 
the object. A solid hemisphere has radius R and charge 
density ρ. Derive an expression for the electric field at 
the centre of the plane surface of the hemisphere as 
shown in the diagram. Assume spherical coordinates 
with volume element dv = r2 sinθdrdθdφ . 
b. Calculate the electric field inside and outside of a spherical charge distribution of radius R 
with charge density ρ per unit volume by using Gauss’s law.  
i. Draw a diagram showing the Gaussian surfaces relevant for this problem. 
ii. What is the direction of electric field?  
iii. How does its magnitude change radially from the centre of the sphere? 
c. A long straight wire is charged with a line charge density λ. Calculate the following by 
drawing appropriate diagram(s).  
i. The electric field due to the wire at a point radially away from it. 
ii. The potential difference between two radial points P1 (r1) and P2 (r2).  
iii. If the potential in question i. is given by φ = λ2πε0
ln r , derive an expression for the 
electric field from this potential.   
 
Question 2 Marks: 7+9+9=25 
 
a. A spherical conductor A contains two spherical cavities. 
The total charge on the conductor itself is zero. However, 
there is a point charge qb at the center of one cavity and 
qc at the center of the other, as shown in the diagram. 
Another charge qd is placed at a considerable distance r, 
away from A.  
i. Briefly discuss the forces between the four 
objects, A, qb, qc and qd.  
ii. Derive an equation for the force between the 
objects qd and A. 
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b. The capacitance of a conductor carrying a charge Q and having potential φ is defined as C = 
Q/φ. The surfaces of a parallel-plate capacitor have area A and are separated by a distance s. 
The surface charge density on the plate is σ. 
i. Derive an expression for the capacitance in terms of A and s. 
ii. What is the total energy (work done) required to charge the capacitor? 
c. A spherical vacuum capacitor has radius a for the outer sphere.  
i. What radius b should be chosen for the inner spherical conductor to store the greatest 
amount of electrical energy subject to the constraint that the electric field strength at 
the surface of the inner sphere may not exceed E0?  
ii. How much energy can be stored in the capacitor? 
 
Question 3 Marks: 5+5+4+11=25 
 
a. Ohm’s law for current density J and electric field E is given by J = σE, where σ is the 
conductivity of the material.  Derive the expression V = IR from Ohm’s law. 
b. A copper wire that has a length of 1 km is connected across a 6 volt battery. The resistivity of 
copper is 1.7 × 10−6 ohm cm, and the number of conduction electrons is 8 × 1022 cm−3. 
i. What is the drift velocity of the conduction electrons under these circumstances?  
ii. How long does it take for an electron to drift once around the circuit? 
c. A wire of pure tin is drawn through a die, reducing its diameter by 50 percent and increasing 
its length. The volume remains constant. By what factor is its 
resistance increased? 
d. Define Thévenin’s equivalent voltage and short-circuit current. 
How they are related? 
i. Find the Thévenin equivalent resistance and emf for the 
circuit shown in the diagram to the right.  
ii. If a 15 Ω resistor is connected across the terminals, what is 
the current through it?! 
 
Question 4 Marks: 11+7+7=25 
 
a. The Ampere’s law of electromagnetism is expressed by the equation B ⋅ds =
C∫ µ0I , where 
the current enclosed inside the line integral is I. Assume that the current is independent of 
time. 
i. Draw a clear, labeled diagram showing a straight wire carrying current I and the 
magnetic field directions, following Ampere’s law.  
ii. Calculate the magnetic field inside a thick, straight wire of radius R. 
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iii. Relate the magnetic field B with the current density J using Stoke’s theorem: 
F ⋅ds
C∫ = (∇×F) ⋅daS∫ , for any vector F. 
b. A circular loop of wire in the xy-plane with radius b and centre at the origin is carrying a 
counter-clockwise current I as seen from the top. Make use of the Biot-Savart law
dB = µ0I4π
dl× rˆ
r2 !to calculate the magnetic field (magnitude and direction) at any point on the 
positive z-axis and at the origin. 
c. The magnetic field inside a solenoid on its axis is given by B = µ0nI2 (cosθ1 − cosθ2 ) , where n 
is the number of turns per unit metre along the cylinder and θ1 and θ2 are the angles at the top 
and bottom edges, respectively, from the axis at the point of measurement. A solenoid, 32 cm 
long and 8 cm diameter, is made of copper wire of diameter 0.163 cm. The resistance of the 
copper wire is 0.01 ohm/m at 75oC. There are two layers and four turns per centimeter in 
each layer. The solenoid is connected to a 50 V generator. Calculate the magnetic field at the 
center of the solenoid. 
 
Question 5 Marks: 10+9+6=25 
 
a. The magnetic flux through a closed surface S is defined as Φ(t) = B ⋅da
S∫ !where B is the 
magnetic field and da is the surface vector element. Assume the surface is stationary at time t 
= 0. At time t + dt the surface has moved a distance ds with a constant velocity v. The 
magnetic field remains constant.  
i. Calculate the change in the flux by drawing an appropriate diagram and show that 
dΦ / dt = B ⋅ (v× ds)
C∫ . [Given vector identity: ] 
ii. Show that the right-hand-side of the above expression is negative of the electromotive 
force (emf). 
b. Explain with words and necessary equation(s) what is 
self-inductance.  
i. Show that the self-inductance of a toroidal coil 
of rectangular cross-section as shown in the 
figure is given by L = µ0N
2h
2π ln
b
a
!
"
#
$
%
& .   
[Given: dr
r∫ = ln r ] 
ii. What is the unit of inductance? Define it in 
terms of other basic units. 
a ⋅ (b× c) = −(b×a) ⋅ c
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c. All galaxies contain magnetic field. The average magnetic field strength in our galaxy (Milky 
Way) is 3⋅10−10 !Tesla. Assume a disc shape for the Milky Way with diameter 1021 m and 
height 1019 m. All stars in the Milky Way are radiating light with a total power of about 1037 
joules/second.  
i. Calculate the total energy of the Milky Way stored in magnetic field. 
ii. How many years of starlight is the magnetic energy worth? 
 
Question 6 Marks: 13+12=25 
 
a. An alternating voltage V0 cos ωt is applied 
to the terminals at A in the diagram. The 
terminals at B are connected to an audio 
amplifier of very high input impedance. 
(That is, current flow into the amplifier is 
negligible.) Calculate the ratio |V ̃1|2/V02. Here |V ̃1| is the absolute value of the complex 
voltage amplitude at terminals B. Choose values for R and C to make |V ̃1|2/V02| = 0.1 for a 
5000 Hz signal. This circuit is the most primitive of “low-pass” filters, providing attenuation 
that increases with increasing frequency. Show that, for sufficiently high frequencies, the 
signal power is reduced by a factor 1/4 for every doubling of the frequency. 
b. Consider a particular electromagnetic field in free space: 
!!!!!!!!!!! Ex = 0, Ey = E0 sin(kx +ωt), Ez = 0Bx = 0, By = 0, Bz = −(E0 / c)sin(kx +ωt)  
i. Show that this field can satisfy Maxwell’s equations if c =ω / k . 
ii. Suppose ω = 1010 s−1 and E0 = 1 kV/m.  
01. What is the wavelength?  
02. What is the energy density in joules per cubic meter, averaged over a large 
region?  
03. From this calculate the power density, the energy flow in joules per square 
meter per second. 
 
End of paper 
